Recent experimental realizations of superfluid mixtures of Bose and Fermi quantum gases provide a unique platform for exploring diverse superfluid phenomena. We study dipole oscillations of a double superfluid in a cigar-shaped optical dipole trap, consisting of 41 K and 6 Li atoms with a large mass imbalance, where the oscillations of the bosonic and fermionic components are coupled via the Bose-Fermi interaction. In our high-precision measurements, the frequencies of both components are observed to be shifted from the single-species ones, and exhibit unusual features. The frequency shifts of the 41 K component are upward (downward) in the radial (axial) direction, whereas the 6 Li component has down-shifted frequencies in both directions. Most strikingly, as the interaction strength is varied, the frequency shifts display a resonant-like behavior in both directions, for both species, and around a similar location at the BCS side of fermionic superfluid. These rich phenomena challenge theoretical understanding of superfluids.
The past two decades have witnessed vast experimental progress in generating and manipulating ultracold quantum gases, which have emerged as a powerful tool for simulating many body physics and particularly diverse superfluid and superconductivity phenomena [1] [2] [3] . Examples include weakly interacting Bose-Einstein condensates (BEC) [4, 5] , the topological Berezinskii-KosterlitzThouless phase transition [6, 7] , emergent relativistic phenomena near the superfluid-to-Mott-insulator quantum critical point [8, 9] , and the crossover between a BEC and a Bardeen-Cooper-Schrieffer (BCS) superfluid in fermionic systems [10, 11] . Very recently, experimental realizations of Bose-Fermi double superfluids have been reported for 6 Li-7 Li, 6 Li-41 K and 6 Li-174 Yb mixtures [12] [13] [14] . This is an important achievement, taking into account that, in the study of liquid helium, the strong inter-isotope interactions have prevented the long-sought goal of realizing simultaneous superfluidity in a 4 He-3 He mixture [15] . Many fascinating behaviors can emerge in this novel quantum matter owing to Bose-Fermi interactions, including topological p-wave Cooper pairing [16] , Bose-Fermi dark solitons [17] , and polaronic atom-trimer continuity [18] . Experimentally, although the measured critical velocity of a 6 Li-7 Li mixture can be mostly accounted for by a generalized Landau criterion, it has an unexplained strong reduction on the BEC side [19] . For a 6 Li-41 K double superfluid, quantized vortices, a hallmark of superfluidity, are simultaneously generated in both species, and several unconventional interactioninduced properties are observed [13] .
The investigation of collective excitations is well known to be an important method for gaining insights into the physical properties of trapped BECs and strongly interacting Fermi gases [20] [21] [22] [23] [24] . The simplest collective dynamics is the dipole oscillation for the center-of-mass motion of all atoms. Therefore, characterizing the dipole oscillation would be the first step to understand interactioninduced effects in Bose-Fermi superfluid mixtures. If all of the bosonic and fermionic atoms have the same mass and experience the same trapping frequency, the dipole oscillation frequency is exactly given by the noninteracting result, i.e., the intra-and inter-component interactions play no role in the dipole oscillation. This is known as the Kohn theorem [25, 26] . In a 6 Li-7 Li superfluid mixture [12, 19] , the slightly different masses of the two isotopes break the dynamical symmetry, and the dipole oscillation of the bosonic 7 Li component has a down-shifted frequency and a beating behavior in the oscillation amplitudes. These results are well explained by a phenomenological two-oscillator model with effective mean-field interactions [12] . Similar behaviors have been reported for a 6 Li-174 Yb superfluid mixture [14] , in which the dynamical symmetry is heavily broken by the large mass imbalance.
In this Letter, we report on the study of the coupled collective dipole oscillations of a 6 Li-41 K superfluid mixture in a cigar-shaped optical dipole trap. We perform precise measurements of oscillations in both the axial and radial directions, and observe three features that have not been reported in the previous experiments [12, 14, 19] . First, both the bosonic and fermionic atoms have oscillation frequencies shifted from the single-species ones, although the frequency changes of the 6 Li component are small and only up to one and a half percent. Second, the frequency shifts of the 41 K component are opposite: downward (upward) in the axial (radial) direction, while the 6 Li component has down-shifted frequencies in both directions. Most strikingly, as the system is tuned across the BEC-BCS crossover, the axial and radial frequency shifts both display a resonant-like behavior on the BCS side around 1/k F a f = −0.2, where k F is the Fermi momentum and a f is the scattering length of the 6 Li atoms. A phenomenological analysis, which takes into account the mean-field interactions and their effects on the density profiles of both species, can only qualitatively describe a small part of the experimental data. Experimental procedure. The experimental procedure for preparing the Bose and Fermi superfluid mixture is similar to that of our previous works [13, [27] [28] [29] . After the laser cooling and magnetic transport phase, the mixture of cold 6 Li and 41 K atoms is confined in an optically plugged magnetic trap in a dodecagonal glass cell with good optical access and an ultrahigh vacuum environment, where radio frequency (rf) evaporation [30] of 41 K atoms is implemented and the 6 Li atoms are cooled sympathetically. Then, we load the cold Bose-Fermi mixture into a cigar-shaped optical dipole trap (wavelength 1064 nm, 1/e 2 radius 35 µm) and apply two 3 ms Landau-Zener sweeps to prepare both species at their lowest hyperfine states. Next, the magnetic field B is ramped to 871 G, and a half-to-half spin mixture of the two lowest hyperfine states of 6 Li is prepared using successive rf sweeps. After 0.5 s forced evaporation, the clouds are adiabatically transferred into the final cigarshaped optical trap (wavelength 1064 nm, 1/e 2 radius 62.5 µm) with large trap volume. Further evaporation is accomplished by exponentially lowering the trap depth to 512 nK ( 41 K) and 1.00 µK ( 6 Li) in 3 s. Finally, the Bose and Fermi superfluid mixture is achieved with approximately N F = 1 × 10 6 6 Li atoms at 0.06(1) Fermi temperature and N B = 2.3 × 10 5 41 K atoms with a condensate fraction ≥ 90%. In the gravity direction, the full overlap of the two species is achieved with a slightly off-centered distance of 10 µm at 871 G.
At the end of evaporation, the magnetic field is ramped in 200 ms to the value for the oscillation experiment, and is held for another 500 ms to achieve fully thermal equi- librium of the two species. The dipole oscillation in the axial direction is induced by adiabatically shifting the center position of the superfluid mixture to a distance of approximately 18.5 µm in the weakly confining direction z, and abruptly releasing the atom clouds in the trap. For the oscillation experiment in the radial direction, the optical trap depth is adiabatically ramped up to 1.90 µK ( 41 K) and 1.80 µK ( 6 Li) in 200 ms after the Bose and Fermi superfluid mixture is achieved. The radial dipole mode is excited by adiabatically displacing the optical trap center by approximately 5 µm in 20 ms with an acoustical optical modulator and quickly shifting it back to the initial position in 100 µs. After a variable holding time, the optical trap potential is suddenly switched off, and the atom clouds are expanded for 2 ms in the residual magnetic curvature. A specially designed imaging setup in the gravity direction is employed to simultaneously probe the two species [13] , and the centers of the atom clouds are simultaneously recorded. With a high numerical aperture objective, an imaging resolution of 2.2 µm (2.5 µm) at 671 nm (767 nm) is obtained.
Experimental result. As an illustration, we focus on the unitary case (B = 834 G). The recorded centers of the atom clouds are shown in Figs. 1 and 2 , respectively, for the axial and the radial directions, where the curves can be nicely approximated by single-frequency harmonic oscillations. The damping rates are small, especially in the axial direction, where the oscillations of both species persist for more than 2 s without visible damping.
The experimental data are fitted by exponentially damped sinusoidal models. For the axial oscillations, the fits yield frequencies ω Comparison studies of the dipole oscillations are carried out for the single-species superfluids, consisting only of 6 Li or 41 K atoms. We obtain oscillation frequencies ω [12, 14, 19] .
First, it is confirmed that the Bose-Fermi interaction can lead to frequency changes in both the bosonic and fermionic superfluid components. Note that, since the cloud size of the bosonic atoms is smaller than that of the fermionic atoms, it is more difficult to induce a frequency shift in the latter. Indeed, no frequency change was observed in the dipole oscillations of the fermionic 6 Li cloud in 6 Li-7 Li [12, 19] . In our case, the 6 Li atom cloud has a smaller frequency shift than the 41 K component (Figs. 3  and 4) . Nevertheless, the existence of frequency shifts is well supported by the fact that the experimental data are far beyond the statistical uncertainties. We attribute the frequency shifts in the fermionic component to the large mass imbalance of the 41 K and 6 Li atoms, which can lead to pronounced interaction effects. For instance, it is observed that the repelling from the 41 K superfluid can induce a density-profile depression in the center of the 6 Li component [13] . Second, the dipole oscillation of the bosonic 41 K component has an up-shifted frequency in the radial direction and a down-shifted one in the axial direction. As shown in Ref. [12] , the frequency downshift can be straightforwardly explained using a phenomenological model with mean-field interactions. However, it is not clear what leads to the frequency upshifts. A possible explanation is scattering between normal component in the superfluid mixture, such a dissipation-induced coupling might drive the two species to oscillate with intermediate frequencies.
The radial dipole oscillations have a frequency that is higher than the axial one by about 20 times, and are expected to suffer from more severe thermal effects.
Third, as the interaction strength is varied, a resonantlike behavior emerges in both the axial and radial oscillations, for both the Bose and Fermi species, and at a similar location of approximately 1/k F a f = −0.2 (BCS side) within a window of a size about 0.2. The radial and axial frequency shifts of the 41 K component exhibit a pronounced dip near 1/k F a f = −0.2, where the axial downshift drops to nearly zero and the radial upshift reaches a maximal value of about 4.5%. The frequency shifts of the fermionic 6 Li superfluid also display a nonsmooth behavior around 1/k F a f = −0.2. We mention that the damping rates remain approximately constant in the BEC-BCS crossover for both the axial and radial oscillations.
Phenomenological analysis.
In the previous works [12, 14, 19] , the frequency downshifts in the bosonic component are quantitatively described using a simple mean-field model. The bosonic component is treated as a mesoscopic impurity immersed in a Fermi superfluid, and the effective potential seen by the Bosons is the sum of the trapping potential and the mean-field Bose-Fermi interaction. With the local density approximation, this leads to a harmonic potential with a reduced frequency. However, for the 6 Li-41 K superfluid mixture, this model can be improved since the density distribution of the 6 Li cloud is significantly altered by the Bose-Fermi interaction [13] .
Here, we adopt an improved mean-field model [31, 32] , which takes into account the interaction-induced alternation of the density distributions for both species. On the basis of the coupled hydrodynamic description, the density distribution of the superfluid mixture in the overlapping region can be expressed as [32] , [13] . Symbol γ is the polytropic index of the equation of state of the strongly interacting Fermi gas [33] [34] [35] . At unitarity (B = 834 G), the calculated static density distributions are shown in the insets of Fig. 3 , clearly displaying a density depression in the 6 Li atom cloud. Note that the maximum relative velocity is far below the critical velocity, e.g., v z max ≃ 2.5 mm/s << v z c,f ≃ 17 mm/s at the unitary limit [19, 36] , and that the depression in the 6 Li density should adiabatically follow the movement of the 41 K cloud. The effective potential seen by the 41 K atoms is then expressed as
where r 1 is the center-of-mass position of the 41 K BEC, and n f (r, r 1 ) is the r 1 -dependent density distribution of the 6 Li superfluid. The oscillation frequency of the 41 K component is given by ω
The resulting frequency downshifts, shown as the solid line in Fig. 3 , exhibit similar trends and decrease from the BEC to BCS sides of the crossover. The deviations on the BEC side might be caused by the deformation of the 41 K density profile during oscillations, where the 6 Li density is significantly enhanced compared to the BCS regime.
In conclusion, our experiments demonstrate that the coupled dipole oscillations of the 6 Li-41 K superfluid mixture, the simplest collective mode, show a variety of rich behaviors, particularly a pronounced dependence on the Bose-Fermi interacting strength. Despite that a phenomenological mean-field description can qualitatively explain the downward frequency shifts in the axial oscillations of the bosonic component, we cannot account for in the mean-field framework the upshifts of 41 K in the radial direction or the frequency shifts of the 6 Li component. The most striking feature is the resonant-like frequency change of the dipole oscillations in the regime of a strongly attractive Fermi gas with 1/k F a f = −0.2. An immediate question is: do the similar locations for both the axial and radial directions imply some unknown universal mechanism? More careful experimental studies as well as theoretical investigations are needed, e.g., to investigate the temperature dependence effect. Besides providing valuable information on the physical properties of the system, our experimental results of the coupled dipole oscillations offer a promising prospect that a BoseFermi superfluid mixture with a large mass imbalance may exhibit rich quantum phases and phase transitions.
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